animals. Comparing the different datasets allowed us to identify "commonly" co-regulated genes and "uniquely" deregulated genes during postnatal development. The absence of PrP C affected several biological pathways, the most representative being cell signaling, cell-cell communication and transduction processes, calcium homeostasis, nervous system development, synaptic transmission, and cell adhesion. However, there was only a moderate alteration of the gene expression profile in our animal models. PrP C deficiency did not lead to a dramatic alteration of gene expression profile and produced moderately altered gene expression levels from young to adult animals. Thus, our results may provide additional support to silencing endogenous PrP C levels as therapeutic approach to prion diseases. postnatal development; genetic regulation; transcriptome stability TRANSMISSIBLE SPONGIFORM ENCEPHALOPATHIES, or prion diseases, are fatal neurodegenerative disorders that affect humans and animals (4, 67) . Prion diseases occur as infectious, genetic, or sporadic disorders, all of which involve structural modification of the cellular form of the prion protein (PrP C ) (66) . The abnormally folded form of PrP C , called PrP Sc , is the only identified etiological agent causing the clinically relevant neuropathological changes leading to human and animal prion diseases (22) . Notwithstanding the remarkable evidence associating PrP C pathological conversion to the etiology of prion diseases, the precise physiological function of this protein has yet to be determined. PrP C is a ubiquitous sialoglycoprotein mainly expressed in the brain, particularly in neurons, and it is linked to the cell membrane surface via a glycosylphosphatidylinositol anchor. Generating PrP C -deficient mice (Prnp 0/0 ) (10, 48, 55) did not define the actual function of the protein. Indeed, these knockout mice developed normally and were fertile, and, despite their resistance to scrapie infection (9) , the animals showed phenotypical differences from their wild-type counterparts that could not clarify PrP C function. These alterations include, among others, altered circadian activity rhythms and sleep (81) , deficits in hippocampal-dependent spatial learning (20) , altered stress response and neuroendocrine stress functions (72) , and altered fear-induced behavior (49) . These findings and the high brain expression levels hint at a physiological neuronal function for PrP C . Several neuronal functions for PrP C have been postulated (reviewed in Refs. 1, 35) , among which a role in central nervous system (CNS) development is supported by several experimental lines of evidence.
While in vertebrates the majority of organs and tissues develop mostly during embryogenesis, the first postnatal weeks are instead crucial for the CNS morphological development, cell differentiation, and acquisition of function (2, 16) . The molecular mechanisms that sustain these processes are not yet well understood. However, during postnatal development intense transcriptional activity takes place in the CNS, leading to the transcription of developmentally regulated RNAs (14) . In particular, during development the hippocampus undergoes typical stages involving proliferation, differentiation, synapse formation, and the maturation of synaptic function (37, 39, 64, 65) by switching on specific dynamic genetic changes correlated to the major developmental hallmarks and cellular events (58) .
We and others reported how PrP C expression is developmentally regulated in the CNS (5, 45, 54, 57, 71, 82) , and how an increase in protein expression is noted during the first postnatal weeks, in particular during hippocampal formation. Moreover, PrP C has been shown to participate in neurogenesis and differentiation (79) and is able to stimulate neuritogenesis, rapid polarization, and development of synapses in cultured neurons (40, 74) , possibly via cooperation with neural cell adhesion molecules (NCAM) (74 -76) . In particular, by homoand/or heterophilic interaction, PrP C and NCAM can trigger an intracellular signaling cascade involving the p59 fyn nonreceptor tyrosine kinase (fyn) (3, 60, 74) , an enzyme involved in brain development and gene transcription regulation (29, 83) . All these features suggest that PrP C may possibly act as a growth factor involved in CNS development and maintenance.
To analyze the influence of PrP C expression on CNS gene expression profile during the developmental differentiation process, we investigated wild-type and Prnp 0/0 mice at two different developmental stages: in neonatal animals [postnatal day 4.5 (P4.5)] and in adult animals (3 mo old). We focused our analysis on the hippocampus, from the perspective that the deficiency of PrP C , such as in Prnp 0/0 animals, may be more detrimental in brain regions requiring high levels of expression of the protein during development (i.e., the hippocampus), rather than in regions with a lower physiological expression.
MATERIALS AND METHODS

Animals
All experiments were carried out in accordance with European regulations [European Community Council Directive, November 24, 1986 (86/609/EEC)] and were approved by the local authority veterinary service. Inbred FVB/N wild-type and FVB Prnp 0/0 mice were used in these experiments. The FVB Prnp 0/0 mice were obtained by backcrossing the original Prnp 0/0 mice (10) to FVB/N inbred mice for Ͼ20 generations. Hippocampi from P4.5 and 3-mo-old males were investigated. For each developmental stage, hippocampi of three or four animals were dissected immediately after animal death and promptly processed for RNA extraction and purification.
RNA Preparation and Microarray Analysis
Total RNA from each pair of hippocampi was extracted using the TRIzol reagent (Invitrogen) following the manufacturer's instructions and purified using the RNeasy mini kit (Qiagen). The quality of total RNA was assessed using a bioanalyzer (Agilent 2100, Agilent Technologies), and RNA was quantified using an ND-1000 Nanodrop spectrophotometer. We labeled 10 g of each total RNA sample according to the standard one-cycle amplification and labeling protocol developed by Affymetrix (Santa Clara, CA). Labeled cRNA was hybridized on Affymetrix GeneChip Mouse Genome 430A 2.0 Arrays, containing 22,690 probe sets corresponding to ϳ14,000 wellcharacterized mouse genes. Hybridized arrays were stained, washed (GeneChip Fluidics Station 450) and scanned (GeneChip Scanner 3000 7G). Cell intensity values and probe detection calls were computed using the Affymetrix GeneChip Operating Software. Further data processing was performed in the R computing environment (http://www.r-project.org/) version 2.8.0 with BioConductor packages (http://www.bioconductor.org/).
Robust multiarray average normalization was applied (36) . Data were then filtered based on Affymetrix detection call and probe set intensity, so that only probe sets that had a present call and intensity value Ͼ100 in at least one of the arrays were retained.
Statistical analysis was performed with limma (77) . P values were adjusted for multiple testing using Benjamini and Hochberg's method to control the false discovery rate (33) . Genes with adjusted P values Ͻ0.05 were considered differentially expressed. Data were analyzed through the use of Ingenuity Pathways Analysis (Ingenuity Systems, http://www.ingenuity.com) and DAVID Bioinformatics Resources (23, 36) . For Alzheimer's disease (AD)-related gene analysis, we took advantage of GeneCards GeneALaCart Beta software (http://www. genecards.org/). Microarray data are deposited in the Gene Expression Omnibus (GEO) database with accession number GSE21718.
Quantitative Real-time RT-PCR
Total RNA was extracted as described above and purified using the RNeasy mini kit (Qiagen). Single-strand cDNA was obtained from 1 g of purified RNA using the iSCRIPT cDNA Synthesis Kit (BioRad) according to manufacturer's instructions. Quantitative RT-PCR was performed using SYBR-Green PCR Master Mix (Applied Biosystem) and an iCycler IQ Real Time PCR System (Bio-Rad). Sequences of gene-specific primers used for qRT-PCR are provided in Additional File 5.
1 Expression of the gene of interest was normalized to housekeeping gene ␤-actin, and the initial amount of the template of each sample was determined as relative expression versus ␤-actin sample chosen as reference. The relative expression of each sample was calculated by the formula 2 exp Ϫ␦␦ct (User Bulletin 2 of the ABI Prism 7700 Sequence Detection System) (47) . ␤-Actin expression is not modified under the present experimental conditions (Additional File 14).
Western Blotting
Mouse hippocampal tissue was dissected and immediately frozen in ice-cold lysis buffer (50 mM Tris·HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5% CHAPS, 10% glycerol) containing protease inhibitors (Inhibitor complete mini; Roche Diagnostics, Mannheim, Germany) and stored at Ϫ80°C or immediately homogenized. Then samples were centrifuged at ϩ4°C, 2,000 g, 10 min, and cleared supernatants were separated in gradient SDS-PAGE gels (NuPAGE Novex 4 -12%, Invitrogen) and transferred to PVDF membrane. We used the following primary antibodies: for total tau, Tau-5 antibody (Pharmingen, BD Biosciences); for phospho-tau, AD2 antibody (BioRad). The appropriate horseradish peroxidase-coupled secondary antibodies (Pierce, Rockford, IL) were used.
RESULTS AND DISCUSSION
Microarray Analysis of Gene Expression During Development in Wild-type and Prnp 0/0 Mice
We performed microarray analysis with cDNA transcribed from total RNA obtained from hippocampi of wild-type and Prnp 0/0 mice to analyze the influence of PrP C on the CNS gene expression profile during neuronal postnatal development. To this purpose, our analysis was performed at two different developmental stages: in newborn animals at day 4.5 of postnatal development, when the bulk of neuronal proliferation is complete but differentiation and synaptogenesis are intense, and in adult mice (3-mo-old), when the nervous system is fully mature. Comparing these two stages allowed us to identify developmentally regulated patterns of gene expression mainly related to the neuronal differentiation process in wild-type and in Prnp 0/0 mice. It is to be noted that the differential gene expression highlighted between hippocampi of adult animals and pups in our study, both in wild-type and in Prnp 0/0 mice, is in good agreement with previous results from a genomewide study on developing mouse hippocampus conducted on a different strain and at slightly different time points (58) .
The patterns of gene expression that we identified during hippocampal development could be subdivided into two main categories: genes that were upregulated ("UP") during neuronal development (from newborn to adult animals), and genes that were down-regulated ("DOWN") during the same developmental stage. For each of these two main categories, we could identify genes that were commonly co-regulated (up-or downregulated), both in wild-type and in Prnp 0/0 mice during development, and genes that showed a differential and unique developmental regulation either in wild-type mice or in Prnp 0/0 mice ( Fig. 1) . To this aim, we applied the following procedure.
Given the large extent of differential expression when comparing the two developmental stages in both genetic backgrounds and based on the scarce phenotypical variation between wild-type and Prnp 0/0 mice (10), in our analysis we aimed at establishing proper conditions able to identify genes and pathways whose dynamic behavior (induction or repression during hippocampal development) is altered following PrP C deficiency. Therefore, we first set a fold-change threshold, considering only differentially expressed genes whose transcript levels differed at least 1.5 times between newborn and adult mice, whether they were up-or downregulated. Then, we drew the following four gene lists: 1) Genes not upregu- Finally, we filtered the four gene lists above by excluding genes whose level of induction or repression during hippocampal development was too similar between wild-type and Prnp 0/0 mice, i.e., we required the fold changes above to differ by at least 10%.
The comparison analysis of the different samples revealed that 344 genes were significantly and specifically not upregulated in Prnp 0/0 mice, 307 genes were upregulated in Prnp 0/0 mice, 300 genes were not downregulated in Prnp 0/0 mice, and 385 genes were downregulated in Prnp 0/0 mice ( Fig. 1 and Additional Files 1-4).
Biological Pathways Regulated by PrP During Hippocampal Development
To assess the functional role of the above genes, we applied Ingenuity Pathways Analysis (Ingenuity Systems, http:// www.ingenuity.com) and DAVID Bioinformatics Resources (23, 36) . For AD-related gene analysis, we took advantage of GeneCards GeneALaCart Beta software (http://www.genecards. org/). Detailed below are the results of such functional analyses.
Genes that are not upregulated during hippocampal development in Prnp
0/0 mice. Among the genes that are not upregulated in Prnp 0/0 mice and are upregulated in wild-type mice (Additional File 1 -NOT UP IN KO gene list), the vast majority are related to cell signaling events via second messengers. In particular, the most represented pathways are cAMP-mediated signaling, retinoic acid receptor activation, NRF2-mediated oxidative stress response, and calcium signaling (Table 1 ). These findings show that among the common developmentally regulated genes, PrP C might influence the expression of genes involved in signal transduction. PrP C has indeed shown to be involved in cell signaling events (60) through the activation of different enzymes and amplification of the signal.
Moreover, genes belonging to the Ras/Rab family and protein kinases are upregulated in wild-type mice but not in KO ( Table 1 ). The former are small GTPases that mediate signal transduction via GTP-binding, whereas the latter are kinases involved in signal transduction through phosphorylation of different substrates.
In adult life, PrP C is shown to have a mainly synaptic localization (26, 31, 61) and to be involved in synaptic transmission (11, 18, 21) . Thus, we also looked at the gene expression of transcripts belonging to the synaptic compartment and were able to identify several genes involved in synaptic transmission that were upregulated in wild-type mice and not in Prnp 0/0 , among which ionic channels and ionic transporters ( Table 2 ). These genes affect the transmembrane potential of the neuronal membrane and also affect some synaptic properties, such as long-term potentiation. The positive regulation of these genes mediated by PrP C during development is suggestive of a potential role for PrP C in mediating the correct structuring and functioning of neuronal connections during CNS development.
Since PrP C undergoes conformational changes that cause prion disease, we were also interested in identifying the biological correlation between PrP C expression and the genes, so-called chaperones, involved in protein folding and unfolding. Our analyses revealed that a cluster of genes involved in chaperone-mediated protein folding is not upregulated in Prnp 0/0 mice (Additional File 6). This finding is particularly intriguing as it may establish a direct correlation between PrP C expression and chaperone genes expression.
Another important factor in the biology of prion disease is the clearance of prion aggregates from the cellular membrane; in general the ubiquitin-proteasomal system (UPS) is a key point for this function in all major protein-aggregation neurodegenerative diseases (46, 59, 84, 87) . Our analyses revealed an upregulation of genes involved in the UPS in wild-type mice (Additional File 6) and a concomitant downregulation of genes involved in the UPS in Prnp 0/0 mice (see Additional File 11). This finding could point at PrP C as a positive regulator of the UPS and may shed additional light on the central role of PrP C in the biology of prion disease and other neurodegenerative disorders. (Table 3) and of genes related to cell death signaling, in particular neuronal cell death (Additional File 7). This finding may explain the increased susceptibility of Prnp 0/0 mice to neuronal damage, such as ischemic brain injury (56), seizures (86) , oxidative stress (8, 88) , and serum deprivation in cells in culture (42) . Upregulation of genes involved in neuronal cell death can make neurons more susceptible to toxic stimuli from the external environment. Indeed, a neuroprotective function for PrP C has been proposed (reviewed in Ref. 70) , and from our findings we may hypothesize that this function could be also mediated by the regulated expression of genes involved in neuronal cell death.
Genes that are uniquely regulated in Prnp 0/0 mice during development are the most intriguing. In fact, an upregulation of genes involved in neuregulin signaling is found in these mice (Additional File 8). Neuregulins are members of the epidermal growth factor family and are ligands for the ErbB receptors (6, 25) . Binding of neuregulins to ErbB receptors stimulate the dimerization of the receptors, their autophosphorylation, and in turn the activation of intracellular signaling cascades involved in development, maintenance, and repair of the nervous system (34). Indeed, both PrP C and neuregulins can trigger intracellular signaling cascades mediated by kinases such as Src kinases. In Prnp 0/0 mice the upregulation of genes belonging to signaling pathways involved in neuronal development and function may suggest a potential role for PrP C in controlling the expression of neurodevelopment signaling pathways, such as the neuregulin one.
The Prnp 0/0 mice have been reported to carry defects in synaptic plasticity (11, 17, 32, 52 ), thus we also focused our analysis on genes related to synaptic activity and were indeed able to identify genes affecting this process (Additional File 8); in particular, a voltage-gated chloride channel-related gene group was found to be upregulated in Prnp 0/0 mice (Additional File 8) compared with their wild-type counterpart. Thus PrP C could act not only as direct modulator of synaptic events, but also in an indirect way by modulating the expression of other synaptic and membrane components.
Since PrP C interacts with adhesion molecules and can mediate cell-cell adhesion, we searched for upregulated genes involved in cell-to-cell interaction and indeed detected genes involved in cell adhesion (Table 4) . Moreover, upregulated genes involved in neurite outgrowth, axon guidance, and lamellipodia formation were found (Table 4) .
In Prnp 0/0 mice, developmentally upregulated genes related to calcium homeostasis were also detected (Additional File 9) .
Genes that are not downregulated during hippocampal development (Fig. 2) . Notch signaling is an evolutionarily conserved mechanism for cell-cell interaction and is involved in cell fate choices (80) , and recent findings report a strict correlation between prion-mediated neurodegeneration and Notch1 increased expression and signaling (38, 78) . Thus, from our findings we may argue that a physiological expression of PrP C seems to reduce Notch-related signaling pathway genes expression, whereas in prion diseases, or in Prnp 0/0 mice, where a lack of PrP C function can occur, the genetic expression of these genes is stimulated.
Genes C deficiency negatively influences the regulation of genes involved in embryonic development and differentiation and in nervous system development and function (Table 5 ). We and others reported how PrP C possesses an embryonic and postnatal pattern of expression, which is developmentally regulated (5, 45, 54, 57, 71, 82) and potentially acts as a neurotrophic factor during CNS development. The lack of PrP C , as in Prnp 0/0 mice, may in turn be a regulatory step for the expression of other genes involved in CNS development. Considering that PrP C is a protein anchored to the cell membrane and is known to interact with different cell adhesion molecules (27, 28, 69, 75) , we were interested in the possible involvement of PrP C expression on the regulation of expression of other cell membrane adhesion proteins. Indeed, we found a correlation between the lack of PrP C and the downregulation of cadherins (Additional File 11). Cadherins are adhesion molecules playing an important role in calciummediated cell adhesion (62) . Interestingly, a recent work (50) shows how PrP C can regulate embryonic cell adhesion during gastrulation, as well as E-cadherin function by modulating its processing or its transport to the cell membrane, possibly via the activation of fyn-mediated signaling. Thus, it would be tempting to affirm that PrP C acts as an adhesion and signaling protein and that these properties also influence the function and the expression of other adhesion molecules.
From our analysis we could identify a large cluster of genes belonging to zinc-finger protein families (Additional File 11). This finding may show how the expression of PrP C could influence the expression of genes involved in DNA binding and transcriptional activity. Another functional cluster of genes downregulated in Prnp 0/0 during development is related to the ubiquitin system (Additional File 11). Ubiquitination occurs when a moiety of ubiquitin is attached to a protein, most prominently for proteasomal degradation. Increasing evidence suggests a role for the UPS in prion disease. Both PrP C and disease-associated PrP isoforms accumulate in cells after proteasome inhibition leading to increased cell death, and abnormal beta-sheet-rich PrP isoforms have been shown to inhibit the catalytic activity of the proteasome (reviewed in Ref. 24) . The finding that Prnp 0/0 mice show a developmentally deregulated UPS pathway points at PrP C as a potential regulator of this system. Indeed, the loss of PrP C function when converted to PrP Sc , or its lack in Prnp 0/0 mice, can alter the expression of genes involved in the UPS and thus alter the correct physiological expression and function of this system.
Comparative Analysis of Adult Wild-type and Adult Prnp 0/0 Mice
We also compared the hippocampal gene expression profiles of adult Prnp 0/0 mice to their wild-type counterpart. We identified 86 significantly differentially regulated probes, corresponding to 74 genes (46 upregulated and 28 downregulated) (Additional File 12). Among the upregulated genes, we detected an enrichment in factors involved in cell adhesion and immune response (such as Clec5a, Jam3, CD14 antigen, Jag1). Among the downregulated genes, we found an enrichment in factors related to metal ion binding (e.g., Xrn2, Cpxm1, Zmym6) and in cytoskeleton genes (like Dstn, Psrc1, Sfi1, and Sgcb).
Two recent studies (12, 68) also report microarray analyses on the comparison of wild-type and Prnp-depleted mice. The first paper (12) compares the transcriptome of adult wild-type and Prnp-null mice, on the same genetic background as the one described here, with that of adult-onset Prnp-depleted mice. The authors reported relatively little change in gene transcription profiling. In particular, when adult wild-type and Prnpnull mice are compared, the only significantly downregulated gene, apart from Prnp itself, is shown to be very likely due to a different genetic origin of its locus. When comparing adultonset Prnp-depleted mice with their nondepleted counterparts, the authors find a few dozen differentially expressed genes. Our results show a discrepancy with the study by Chadi and colleagues (12) , in that we highlight 74 transcripts that are differentially expressed between adult wild-type and Prnp-null mice (rather than none), though these do not include any of the genes affected in adult-onset Prnp-depleted mice at either 10 or 14 wk of age. These differences may be explained by the Significantly upregulated genes during hippocampal development only in Prnp 0/0 mice related to activity mediated by cell-to-cell interaction, such as cell adhesion, neurite outgrowth, and axon guidance. Genes are sorted in descending order according to the difference in FC values (right column, FCko-FCwt) between Prnp 0/0 developmental expression value (KO adults vs. KO newborns) and WT developmental expression value (WT adults vs. WT newborns). different tissues used in these studies. While Chadi and colleagues use total brain homogenates, we focus on isolated hippocampi, thus hopefully reducing the background noise that may be present when looking at far more abundant and diverse neuronal cell types. Furthermore, the age of the mice is different in the two studies (3 mo in ours, 6 wk in theirs). Last, the sex of the mice is also different (we used male mice, while Chadi and colleagues used female mice only, in their Prnp-null experiments). All together these factors may account for the differences observed between the two studies when looking at the details, though it is to be noted that both analyses agree in detecting only moderate alterations of the animals' gene expression profile. A recent work by Rangel and colleagues (68) also performs a genome-wide study using hippocampal RNA from wild-type, Prnp 0/0 , and PrP C -overexpressing adult mice. A full list of differentially expressed genes is not available in their paper. However, by referring to the expression data found on the GEO database, we could perform some statistical analysis and detect genes affected by the depletion and/or the overexpression of Prnp. Though we cannot assess whether such genes are exactly the same as referred to in the Rangel et al. work (some are indeed related to ubiquitination and neurotransmission as stated in their paper), we list them in our Additional File 13.
Such results differ from those reported in our study; only three genes are common to both analyses (Ivd, Prnp, and Snx5). In addition to what is exposed above, we cannot rule out that these discrepancies may be due to dissimilar experimental procedures, to variations in the age of the animals, to differences in data processing and/or statistical analysis (the false discovery rate applied in the study by Rangel and colleagues is not provided), or, possibly most relevant, to the different genetic background of the animals used in the two studies (FVB/N in ours, C57B6 in theirs).
AD-related genes regulated by PrP C during hippocampal development and effects on tau phosphorylation. Recent findings point at an involvement of the cellular PrP in the etiology of AD (15, 44, 63, 78, 85) . The Prnp 0/0 adult gene expression profile was compared with the Prnp 0/0 young animal profile, and significantly deregulated genes were subjected to GeneCards GeneALaCart Beta software (http://www.genecards. org/), to identify potential regulation of AD-related genes mediated by the absence of PrP. We found 18 upregulated genes and 12 downregulated AD-related genes, among which Ch25h, S100a9, Kcnip3, Grin2b, Cdk5r1, Cdk5, Psen1, and Sod2 were upregulated, whereas genes such as Gsk3␤ were downregulated in Prnp 0/0 mice (Table 6 ). Bioinformatics analysis revealed how the amyloid processing pathway comprises part of the most-known AD-related genes and in particular genes affecting tau phosphorylation (Fig. 3) .
Hyperphosphorylated tau protein is the main component of the paired helical filaments, the structural constituents of neu- rofibrillary tangles in AD (7) . An explanation of the biological mechanisms through which tau becomes abnormally phosphorylated in AD is still missing (30) , and the relationship between amyloid deposition and neurofibrillary tangle formation is a central issue in the pathogenesis of AD. Due to the differences in the expression levels of genes affecting tau phosphorylation between wild-type and Prnp 0/0 mice (Fig. 3) , we next investigated whether the levels of total tau and phosphorylated tau were affected in our animal models at the different experimental ages (Fig. 4) . Total tau protein is known to decrease from young to adult animals (13) . Accordingly, we could highlight a similar decrease in the total expression of tau proteins, from newborn to adult animals, both in wild-type and in Prnp 0/0 hippocampus (Fig. 4A) . However, while the levels of phosphorylated tau were similar in adult wild-type and in adult Prnp 0/0 mice, the levels of phosphorylated tau were significantly higher in newborn Prnp 0/0 mice if compared with newborn wild-type animals (Fig. 4, B and C) . Besides being highly phosphorylated in AD brain, tau is also highly phosphorylated in normal developing brain, in the window of age of neurite outgrowth (41, 90) , probably for its function in keeping a high dynamics of microtubule assembly-disassembly during Prnp 0/0 adult mice were compared with young animals, and significantly deregulated genes were subjected to GeneCards GeneALaCart Beta software (http://www.genecards.org/), in order to identify Alzheimer's disease (AD)-related genes. Listed are AD-related genes significantly upregulated (UP IN Prnp brain development. Our results indicate that PrP C negatively influences the phosphorylation levels of tau during the first postnatal brain development, while it has no effect on tau phosphorylation in adult brain, when phosphorylation of tau is physiologically at a steady state. This finding may in part shed new light on the developmental functions linked to PrP C . Moreover, an involvement of PrP C on the regulation of tau phosphorylation could imply a novel correlation between AD and prion biology.
Confirmation of Microarray Data
For validation of the results obtained by microarray analysis, real-time RT-PCR was carried out on the original RNA samples. Changes in gene expression levels of the selected transcripts were normalized to the gene expression of ␤-actin.
Among the selected transcripts, however, we could confirm by real-time RT-PCR only some of them (Fig. 5) . Most of the genes whose expression is negatively influenced by the deficiency of PrP C are involved in embryonic development and differentiation and nervous system development and function (Table 5) . One example is Tbx18, a gene affecting limb development (43) . Downregulation during postnatal development was observed for Prnp 0/0 mice, while for wild-type mice our microarray analysis did not reveal any statistical change. This different gene regulation was confirmed by real-time RT-PCR (Fig. 5A) .
Among the genes that are not upregulated in Prnp 0/0 mice, the vast majority are related to cell signaling events via second messengers (Table 1 ). An upregulation in wild-type mice of the adenylate cyclase 8 gene (adcy8) was observed by our microarray study (Table 1 ) and was further confirmed by real-time RT-PCR: while there is an increase in adcy8 gene expression levels during postnatal development in wild-type mice, in Prnp 0/0 mice we could not detect any significant variation in gene expression level between newborn and adult animals (Fig.  5B ). This finding may support the view of PrP C as a signaling protein, which in turn may influence the expression and function of other signaling proteins.
As Prnp 0/0 mice have been reported to carry defects in synaptic plasticity (11, 17, 32, 52) , we focus on genes related to synaptic activity, in particular the ionotropic glutamate receptor subunit NMDA2B (grin2b) (Additional File 8). An upregulation in wild-type mice of grin2b was observed by our microarray study (Additional File 8) and was further confirmed by real-time RT-PCR (Fig. 5C ). This finding suggests a positive role for PrP C in the regulation of the expression of synaptic genes, as it happens for grin2b, and may shed new light on possible PrP C influence on synapses maintenance and functions.
However, for other genes like cdh8 and ppig, we could not confirm our microarray data by real-time RT-PCR (Fig. 5, D  and E) . This discrepancy between the microarray and the real-time RT-PCR results could be explained by the relatively Fig. 3 . Tau phosphorylation genes affected by PrP C expression during hippocampal development. Genes affecting APP processing and tau phosphorylation (in gray) are found to be differentially regulated by PrP C expression during hippocampal development. Adapted from Ingenuity Pathways Analysis (Ingenuity Systems, http://www.ingenuity.com).
low differences of the fold change ratios between wild-type and Prnp 0/0 mice. Moreover, genes like pank3, rbm5, and usp48 show different trends of regulation after microarray and real-time RT-PCR analysis (Fig. 5, F-H) : pank3 gene was found to be downregulated in adult wild-type mice compared with young wild-type mice by microarray analysis (Additional File 4 -DOWN IN KO gene list), whereas real-time RT-PCR showed the opposite trend, i.e., an increase in the gene expression level during postnatal development, although without reaching significance (Fig. 5F) ; rbm5 gene was found to be downregulated in adult wild-type mice compared with young wild-type mice by microarray analysis (Additional File 4 -DOWN IN KO gene list), whereas by real-time RT-PCR analysis we could find a significant increase in the gene expression level (Fig. 5G) . Finally, usp48 gene was found to be downregulated in adult Prnp 0/0 mice compared with young Prnp 0/0 mice by microarray analysis, while its level of expression in adult wild-type mice compared with young wild-type did not significantly change (Additional File 4 -DOWN IN KO gene list), whereas by real-time RT-PCR we could identify a significant increase in the gene expression level during wildtype postnatal development, and no significant change during postnatal development in Prnp 0/0 mice (Fig. 5H) . Generally, our real-time RT-PCR data for these selected genes support the stability of the transcriptome in the hippocampus of Prnp 0/0 mice and point at possible influences due to the deficiency of PrP C in cellular mechanisms other than gene transcription modification. Besides, mRNA changes do not always equate to changes at the protein level, so additional studies confirming changes in protein expression would be needed. However, in addition, the brain proteome profile between Prnp 0/0 and wild-type mice was shown to be highly conserved (19) . Moreover, as Prnp 0/0 mice show no gross phenotypical differences in physiological conditions but reveal stronger phenotypes in stressful or challenging conditions (20, 49, 72, 73) , we could also argue that in physiological conditions PrP C is in a resting/silent state and that only in a challenging environment can PrP C 's actual function for genetic regulation be switched on. Thus, it would be interesting to perform new gene expression studies in such conditions, to unveil possible influences of PrP C on the cellular transcriptome.
In summary, our study shows how PrP C expression, or absence, in general does not bring about an extremely drastic alteration in gene expression profile and produces moderately altered gene expression levels during neuronal development. This may lead us to the conclusion that the lack of PrP C is not compensated by a strong overexpression of (an)other specific gene(s) rescuing PrP C function. Thus, despite the implicated developmental pathways found to be up-or downregulated, these do not result in a developmental phenotype and may indeed represent altered susceptibility to other insults. This may be of interest from the perspective of uncovering new pathways that may influence response to other insults, which would be key to strategies targeting PrP C . Indeed, downregulation of PrP C during prion disease has been proven to reverse spongiosis, to prevent neuronal loss, and to rescue early neuronal and cognitive dysfunction (51, 53, 89) . Our results are further supportive of the strategies against prion diseases involving a decrease in PrP C expression levels (89), sustaining the hypothesis that the manipulation of its levels may conceivably become a useful tool in the treatment and clinical approach to these diseases. However, the silencing of a gene from the very beginning for Prnp 0/0 as in the present study may imply mechanisms of homeostatic developmental compensation that may markedly differ between the silencing of a gene instead at adult life as potentially used therapeutics. Thus further studies on the transcriptome profiles between wild-type, Prnp 0/0 , and mice conditionally ablated for Prnp in adulthood need to be performed to uncover potential differences in the gene regulation mechanisms mediated by PrP C . Statistical significance was determined by using Student's t-test analysis; *P Յ 0.05. n.s., Not statistically significant.
